Background and Aims Competitive crops are a central component of resource-efficient weed control, especially for problematic perennial weeds such as Elymus repens. Competition not only reduces total weed biomass, but denial of resources can also change the allocation pattern -potentially away from the underground storage organs that make perennial weeds difficult to control. Thus, the competition mode of crops may be an important component in the design of resource-efficient cropping systems. Our aim was to determine how competition from companion crops with different modes of competition affect E. repens biomass acquisition and allocation and discuss that in relation to how E. repens responds to different levels of light and nutrient supply.
INTRODUCTION
Crop-weed interactions play a crucial role in determining both crop yield and weed densities and species composition. Plants interact in a multitude of ways, such as through resource competition (Craine and Dybzinski, 2013) , volatiles (Ninkovic, 2003) , allelochemicals (Bertin et al., 2003) and changing the ratio between red light and far-red light (Liu et al., 2009) . These interactions all affect plant development, morphology and potentially biomass allocation. Resource competition is a particularly potent plant interaction as denial of essential resources such as light, nutrients and water can sharply limit biomass acquisition and/or shift biomass allocation. In general, plants grown under limited light will shift allocation towards the stems and leaves, while limited water or nutrient availability will shift allocation towards the roots (Poorter and Nagel, 2000; Poorter et al., 2012) . This plasticity in biomass allocation enables plants to better compete for resources that limit their growth, although true plasticity must be separated from apparent plasticity caused by plant size discrepancies (Weiner, 2004) . With fewer available resources, and a higher proportion of resources being allocated to competitive structures, fewer resources are available for reproductive and storage structures.
However, while reproductive output and storage allocation is likely to decrease in the face of competition and/or resource scarcity, the decrease is not necessarily linear as different structures require different resources and structures often have multiple functions (Reekie and Bazzaz, 2011) ; for example, flower structures can perform photosynthesis (Bazzaz and Carlson, 1979) and storage organs can enable vegetative propagation, which can increase survival and enhance resource exploration (Kleijn and Van Groenendael, 1999) . The allocation pattern of plants with both sexual and vegetative propagation, such as perennial weeds, is further complicated by the fact that seeds and storage organs require different resources so their cost may vary depending on resource availability (Reekie, 1991) . Thus, crops that compete heavily for resources, which both effectively limit biomass acquisition and change biomass allocation away from storage organs, may be especially effective at suppressing perennial plants that are reliant on these organs to be persistent weeds.
Elymus repens (L.) Gould (couch grass) is a perennial grass that causes crop yield losses in the northern and southern temperate zone. In addition to storage of energy and nutrients, rhizomes enable E. repens to propagate rapidly within a field, especially as destruction of above-ground biomass or fragmentation of rhizomes will cause rhizome buds to activate and create new shoots. Main control methods of E. repens include herbicides and intensive tillage, although competitive crops are essential for keeping E. repens under control (Cussans, 1968 (Cussans, , 1970 . However, as E. repens can continue to build rhizome biomass well into the autumn (Boström et al., 2013) , attempts have been made to use under-sown companion crops to extend the period of intensive competition post-harvest -with varying levels of success. Experiments have shown that under-sown companion crops can cause a significant reduction in E. repens rhizome biomass (Cussans, 1972; Bergkvist et al., 2010) , but also that shoot biomass can be reduced without affecting rhizome biomass (Ringselle et al., 2015) . The effects of companion crops on E. repens vary greatly depending on, for example, the companion crop's establishment and growth (Brandsaeter et al., 2012; Melander et al., 2013; Ringselle et al., 2015) and its allelopathic properties (Zou et al., 2014) . The primary mode of resource competition may also be important in determining how efficiently E. repens is suppressed in systems with under-sown companion crops. A number of studies have investigated the effects of resource limitation on E. repens and, at least in regards to limited nutrient and light, the rhizome biomass allocation appears to follow the same pattern as the root biomass (McIntyre, 1965; Williams, 1970 Williams, , 1971 Skuterud, 1984) . Thus, crops that compete heavily for light should have an especially high suppression rate as they would not only lower biomass acquisition, but also change the E. repens allocation away from rhizome production. However, with crops competing for multiple resources simultaneously it is unclear whether companion crops can compete heavily enough for one resource to affect the allocation pattern of E. repens and whether such a change is beneficial to control efforts.
Red clover (Trifolium pretense L.) and perennial ryegrass (Lolium perenne L.) are two crops with similar life cycle that are used as under-sown companion crops in cereals, often in a mixture, such as when establishing rotational grassland or green manure crops. Red clover has a green manure effect on the following crop and perennial ryegrass can use available soil mineral nitrogen efficiently for growth during autumn (Bergkvist et al., 2011) . Clovers can fix nitrogen and are poor competitors for soil mineral nutrients (Haynes, 1980) . They have horizontal leaves that efficiently shadow the crown of companion grasses, where new tillers emerge, and are therefore competitive when the availability of nitrogen is poor (Haynes, 1980; Woledge, 1988) . Perennial ryegrass has an extensive root system and can efficiently scavenge the top soil for available nitrogen and produce much biomass when there is enough nitrogen available (Hopkins et al., 1995; Stenberg et al., 1999) . Red clover and perennial ryegrass can therefore be considered to represent two different modes of competition.
We aim to determine if the different mode of competition by red clover and perennial ryegrass is reflected in the allocation pattern of E. repens. We test the hypotheses that compared to intraspecific competition alone, (1) red clover competition will increase E. repens biomass allocation to shoots and that, (2) perennial ryegrass competition will increase E. repens biomass allocation to rhizome and roots. To be able to discuss the effect of competition for light and nutrients and relate that to the effect of red clover and perennial ryegrass, E. repens was also grown alone at different nutrient and light levels.
MATERIALS AND METHODS

Experimental design
The biotic and abiotic impact on the allocation pattern of E. repens was investigated in a greenhouse experiment running from 11 February to 22 April 2014. The experimental design was 15 treatments Â 7 blocks Â 2 harvest times, with treatments and harvest times randomized within blocks. The 15 treatments in each block can be thought of as two treatment subsets. Subset 1, testing abiotic effects, consisted of all combinations of three levels of light (100 %, 75 % and 50 % of unshaded light, respectively) and nutrient supply (Control and 50 % and 25 % of control). These are hereafter referred to as high, medium and low light/nutrient treatments. Subset 2, testing the effect of competition, consisted of two companion crops, perennial ryegrass (Lolium perenne 'Birger') and red clover (Trifolium pratense 'Ares'), each grown together with E. repens in separate treatments. Both companion crop species were established at three plant densities (6, 12 and 24 plants per box). From low to high plant density, treatments were designated as C1, C2 and C3 for clover, and R1, R2 and R3 for ryegrass. To enable comparisons with E. repens in monoculture all companion crop treatments were grown under the same light and nutrient conditions as the high light-high nutrient treatment, serving as control. Two harvests were conducted to capture changes in the allocation pattern in E. repens over time. All content (roots, shoots, planted and new rhizomes and morphological traits) of half the boxes were collected in the first harvest and the remaining boxes in the second harvest.
Setup
After a minor experiment comparing different substrates (pumice stone, sand, vermiculite, gardening soil) 'Hekla green' pumice stone (Bara Mineraler AB, Bara, Sweden) was selected. This material provided similar or better plant growth than the other substrates, was lightweight and enabled relatively easy extraction of roots. The excellent drainage, low buffering ability and absence of any added fertilizer to the pumice also gave us control over the nutrient supply in the experiment. Main minerals in the 'Hekla green' pumice are SiO 2 ($75 % of dry weight), Al 2 O 3 ($15 %), Fe 2 O 3 (>5 %), Na 2 O (>5 %), K 2 O (>3 %) and CaO (>3 %). Particle size varies from 0Á5 to 2Á8 mm with a median of 1Á5 mm.
To have enough material of the same age and quality, rhizomes were collected in a field outside Uppsala, in the east of Sweden (59 44N, 17 38E) , and propagated in advance. After 6 weeks, newly established rhizomes were cleaned and cut into 8-cm long pieces, with 2-4 nodes. Rhizome pieces were divided into three weight classes: 0Á25-0Á3, 0Á3-0Á4 and 0Á4-0Á45 g. Three rhizome pieces were planted in each box, one from each weight group, corresponding to approx. 1 g of fresh weight.
Plastic rectangular boxes of 26Á5 cm length, 16Á5 cm width and 14 cm height (0Á044 m 2 ) were used. These were filled with pumice stone to about 10 cm height on top of which the three rhizome pieces were placed at equal distance from each other and the box walls. Subsequently the rhizomes were covered with 2 cm of pumice stone, which was saturated with nutrient solution (1500 mL). Nutrient solution was produced by diluting Wallco nutrient solution 51-10-43 þ micro (Cederroth International AB, Sweden) to about 0Á196 % (100 mg N L À1 , 19Á6 mg P L À1 and 84Á3 mg K L À1 and other nutrients at levels appropriate for the nitrogen level). Prior to sowing, red clover seeds were dipped in a soil/water mixture containing Rhizobium bacteria (Inocula Scandinavia) to enable nitrogen fixation. Companion crop seeds were sown on the moist surface and covered with a small amount of dry substrate. A thin piece of paper was temporarily placed as a lid until germination. To ensure the right plant density in each treatment, an excessive amount of seeds were sown and superfluous germinated plants removed by hand. Boxes were placed about 30 cm apart and circulated within blocks every 3-4 d.
Temperature in the greenhouses was set to 18 C during the day (0800-2400 h) and 8 C during the night. Artificial light irradiation of 200 mmol s À1 m À2 50 cm above the table was supplied with 400W lamps (Two Master HPI-T Plus and five Master SON-T PIA Plus per row, Koninklijke Philips N.V, Eindhoven, Netherlands). These were automatically turned off if the insolation exceeded 1000 mmol s À1 m
À2
, which occurred on some days towards the end of the experiment. Humidity was set to about 70 %. Heat from the lamps and the cool down period between night and day generally meant that the temperature was a few degrees higher on average than the set values and the humidity lower. Temperature, humidity levels and experimental dates are provided in Appendix A [Supplementary Data].
Establishment, experimental phase and harvests
During the establishment phase, i.e. after planting of rhizomes/seeds but before starting light and nutrient treatments, all boxes received the same amount of water, light and nutrients: a total of 3500 mL of nutrient solution (0Á35 g of nitrogen).
The light and nutrient treatments began 17 d after sowing (Appendix A). Light was limited by the use of rigid plastic nets, which covered the sides and top (low light) or only the sides (medium light) of each pot. This meant approx. 50 % less light in low light and 25 % less light in medium light than in the high light treatments. High light treatments, just like companion crop treatments, had no nets. Nutrients were limited by further diluting the nutrient water. All treatments received 600 mL of water overhead twice a week. In low nutrient treatments this was 450 mL tap water and 150 mL nutrient solution, in medium nutrient treatments it was 300 mL of each, and in high nutrient treatments it was all nutrient solution. Thus, an additional 4200/2100/1050 mL (high/medium/low) of nutrient solution had been added by the first harvest and another 4800/ 2400/1200 mL by the second harvest (0Á42/0Á21/0Á105 and 0Á48/0Á24/0Á12 g of nitrogen, respectively). As biomass increased towards the latter part of the experiment, additional watering was performed using tap water to avoid drought effects.
Half the boxes in each block were harvested 25 d after the treatments started and the rest 30 d later; 42 and 72 d after sowing, respectively (Appendix A). Harvests were performed block-wise, with the selected 15 boxes from each block being removed from the greenhouse in the same day and harvested. Shoot clusters (each cluster of shoots emerging from independent rhizome nodes), tillers (total number of shoots minus the number of shoot clusters) and spikes were counted. Total biomass was divided into four types of E. repens biomass: roots, new rhizomes, planted rhizomes and shoots; and two types of companion crop biomass: roots and shoots. All biomass except E. repens shoots was dried at 105 C for 24 h before weighing. Elymus shoots were dried at 60 C for 24 h, weighed and then the shoots from the second harvest were analysed for nitrogen concentration by combustion on an elemental analyser (Leco CNS-2000, Leco Corp., MI, USA; Kirsten and Hesselius, 1983) .
Statistical analysis
The subsets of the experiment were analysed using linear mixed models with the main effects and their interactions as fixed variables and block (Block Â Harvest) as a random variable. For the light/nutrient subset the main effects were light, nutrients and harvest time (Table 1) . For the companion crop subset the main effects were crop biomass and harvest time. To be able to include the control in the analysis, type (clover, ryegrass and control) was not added as a main effect, but only as an interaction with crop biomass (Table 2 ). Consequently the model used the same intercept for each type, calculated without centred polynomials. The differences between companion crop and control means were tested in a separate model with main effects treatment (companion crop treatments and control) and harvest.
The allocation pattern was analysed as fractions of the total biomass (SMF ¼ shoot mass fraction, RhMF ¼ rhizome mass fraction, RMF ¼ root mass fraction). New and planted rhizomes were analysed both separately and together as total rhizome biomass. For RhMF, the total rhizome biomass was used. Data were either square root or log transformed to achieve approximate homoscedasticity and retransformed for use in graphs. Tukey's HSD tests or contrasts were used for postanalysis comparisons. All analysis, transformations and retransformations were done in JMP 10Á0Á0 (SAS Institute Inc., Cary, NC, USA).
RESULTS
Effect of companion crop
Elymus repens total biomass decreased with increasing biomass of the companion crop (P < 0Á001; Fig. 1A ) and the rate of decrease was higher with red clover than with perennial ryegrass. The difference in regression slope between red clover and ryegrass was particularly stark for E. repens total rhizome biomass (companion crop species Â biomass, P < 0Á001; Fig. 1C ). The enhanced reduction in E. repens biomass with increasing companion crop density can largely be attributed to fewer tillers (Fig. 1E) . The number of shoot clusters was not affected by density, only by companion crop species (Fig. 1F) , and the average weight of individual shoots was not affected by either density or species (data not shown). Both companion crops caused an approximately equal reduction in E. repens total biomass acquisition, but perennial ryegrass produced about 60 % more biomass than red clover (Fig. 1) . Thus, red clover was a more efficient suppressor of E. repens biomass per gram of total companion crop biomass. Increasing ryegrass biomass decreased the nitrogen concentration in E. repens shoots (P < 0Á001; slope est. À0Á001), but the effect of red clover biomass was not significant.
At the first harvest, E. repens tiller number had already started to decrease with increasing companion crop biomass (P < 0Á001; est. À0Á49), but E. repens total biomass was not yet affected. Instead, the more companion crop biomass at the first harvest, the more E. repens tended to allocate to roots (P ¼ 0Á054; est. 0Á017), resulting in significant correlations between companion crop biomass and E. repens SMF (P ¼ 0Á006; est. À0Á0037) and RMF (P ¼ 0Á016; est. 0Á003). In the final harvest, there were no significant correlations between E. repens mass fractions and total companion crop biomass. However, the average E. repens SMF was lower in the ryegrass treatments than in the control, primarily in the low and high ryegrass densities (R1 & R3) (interaction companion crop type Â crop density, P ¼ 0Á012; Table 3 ). The E. repens mass fractions in the red clover treatments did not differ significantly from the control (Table 3) .
Light and nutrient effect
Elymus repens total biomass decreased as light and nutrient supply decreased, but biomass allocation changed towards shoot biomass when light was limited and away from shoot biomass when nutrients were limited (Table 3) . Light limitation already affected both biomass allocation and acquisition in the first harvest, while a reduced nutrient supply only affected biomass allocation. By the second harvest, the low light treatment had about 60 % less total biomass than the high light treatment (Table 3) . Shoot, root and total rhizome biomass all decreased as light availability decreased, but proportionally the reduction was greatest in the below-ground biomass, so allocation shifted towards shoot biomass (Table 3 ). In the second harvest, the low nutrient treatment had 35 % lower shoot biomass than the high nutrient treatment (Table 3) , while root and total rhizome biomass did not significantly change as nutrient supply decreased (Table 2) . Thus, SMF decreased with decreasing nutrient supply (Table 3 ). The interaction between light and nutrients indicates that the reduction in shoot biomass due to limited nutrient supply was greatest in the high light treatment (Table 2) .
Both low light and low nutrient supply reduced shoot clusters and tiller numbers compared to the high treatments (Table 3) , but the most striking morphological difference was that spikes only developed in the high light and the medium light-high nutrient treatment (data not shown). The total rhizome biomass did not change as the nutrient supply decreased, but the planted rhizome biomass was about 7 % higher in the low nutrient treatment than in the high (P ¼ 0Á04; Table 3 ).
The E. repens shoots had more than 1 % higher N concentration in the low than in the medium and high light treatments 
Bold type indicates P < 0Á05. 
Bold type indicates P < 0Á05.
( Table 3 ). The nitrogen concentration in the E. repens shoots declined with decreasing nutrient supply (Table 3) , although in the high light treatment there tended to be little difference between the low and medium nutrient treatments (interaction light Â nutrients, Table 2 ).
Companion crop biomass allocation
The proportion of shoots in the red clover changed from 66 to 75 % between harvests (P ¼ 0Á007), while ryegrass main- 
DISCUSSION
Mode of competition
The primary mode of competition appears to have a direct influence on companion crops' efficiency in suppressing E. repens biomass acquisition. Red clover caused a sharper decrease in E. repens total biomass than ryegrass per gram of companion crop biomass. A likely cause for red clover's higher efficiency is that red clover competed more for light than ryegrass did. The asymmetric nature of light competition provides a disproportionally large advantage for the plant that can capture light and deny it to its competitors (Weiner, 1990; Craine and Dybzinski, 2013) , and by changing the ratio between red light and far-red light the competitor often causes its neighbours to initiate shade avoidance responses (Liu et al., 2009) . As a consequence, a covering canopy is an important aspect of the competitive pressure of clover species (Den Hollander et al., 2007) . The particularly high reduction in rhizome biomass when the light supply is limited also supports the idea that light competition enabled red clover to be a more efficient competitor to E. repens than ryegrass, although this may have been partially caused by the tendency of ryegrass to increase E. repens rhizome mass fraction. Ohno et al. (2000) found some allelopathic potential in red clover, but only residue was tested and the effect was minor. Thus, while allelopathy cannot be excluded as a contributing factor to red clover's high efficiency compared to ryegrass, it is deemed unlikely to be the main cause. The biomass allocation pattern that emerges as a result of competition is far more complicated than when the resource supply is limited by abiotic means (Poorter et al., 2012) . In the first harvest, there was a positive linear relationship between total companion crop biomass and E. repens RMF, indicating that both companion crops were primarily competing for below-ground resources. In the final harvest, while there was a linear relationship between total companion crop biomass and E. repens total biomass, there was no relationship with any E. repens mass fractions. Instead, contrary to hypothesis 1, red clover did not shift E. repens allocation towards shoot production, despite being a more efficient suppresser of E. repens rhizome biomass than ryegrass. Perennial ryegrass did cause an overall higher E. repens biomass allocation to rhizomes and roots, supporting hypothesis 2. However, rather than increasing with increasing ryegrass biomass, the shift in allocation was strongest in the lowest ryegrass density treatment (R1) and highly insignificant in the intermediate treatment (R2). The allocation pattern of plants does not change instantly, but is the sum of all factors that have influenced it up onto that point. Consequently, the seemingly irregular allocation pattern of E. repens in the final harvest can most likely be explained by the fluctuating influence of multiple factors pulling the allocation pattern in different directions. For example, competition for below-and above-ground resources has opposite effects on the allocation pattern, as shown for E. repens in this study and for plants in general by Poorter and Nagel (2000) . Consequently, red clover's gradual shift from primarily below-ground to above-ground competition may not have left enough time for red clover to shift E. repens biomass allocation pattern towards shoot biomass. As ryegrass was seemingly more consistent in its mode of competition throughout the experiment, it consequently had a better chance to shift the E. repens allocation pattern. Poorter et al. (2012) concluded that competition often leads to an increase in stem mass fraction at the cost of leaf mass fraction. However, the allocation between leaves and stem was not investigated in the present experiment. The different sizes and different developmental stages of plants may also have influenced the different allocation patterns: e.g. young 0Á6260Á03 0Á2560Á03 0Á1360Á02  5Á761Á5  2Á360Á7 1Á2660Á44 0Á2660Á02  7Á561Á2 19Á764Á3  -C1  0Á6160Á03 0Á2460Á03 0Á1460Á02  4Á561Á3  1Á860Á6 1Á0660Á40 0Á2660Á02  7Á861Á3 15Á963Á3  -C2  0Á5860Á03 0Á2760Á03 0Á1560Á02  5Á061Á4  2Á360Á7 1Á2660Á44 0Á2760Á02  7Á961Á3 16Á163Á3  -C3  0Á5860Á03 0Á2660Á03 0Á1660Á02  4Á661Á3  2Á160Á6 1Á2760Á44 0Á2760Á02  8Á561Á4 13Á362Á7  -R1  0Á6060Á03 0Á2760Á03 0Á1360Á02  5Á661Á5  2Á560Á7 1Á2160Á43 0Á2760Á02  6Á461Á1 16Á663Á4  -R2  0Á5960Á03 0Á2460Á03 0Á1760Á02  5Á261Á4  2Á160Á6 1Á5060Á49 0Á3060Á03  7Á861Á3 13Á562Á8  -R3 0Á5860Á03
Treatments C1>C2>C3 and R1>R2>R3 represent increasing levels of red clover and perennial ryegrass plant density, respectively. Companion crop treatments received the same amount of light and nutrients as the high light and high nutrient treatment (control). Values are means with695 % confidence interval. Bold type designates values significantly different from control, high light or high nutrient treatments, using Tukey HSD tests at a ¼ 0Á05.
plants tend to allocate more to root biomass than older plants and larger plants tend to be able to allocate more resources to reproductive organs than smaller plants (Weiner, 2004) . Thus, it may well be that the reason that there was no linear relationship between ryegrass biomass and E. repens mass fractions in the final harvest was because plants of different sizes and development stages competed for different resources to different degrees, leading to a more complex and variable allocation pattern in E. repens. For example, E. repens plants were much smaller in the high-density ryegrass treatment than the lowdensity ryegrass treatment.
Light and nutrient limitations
In a meta-analysis of stoloniferous and rhizomatous plants (not including E. repens), Xie et al. (2016) found that rhizomatous plants were less sensitive to light limitations than nutrient limitations as light limitations did not greatly affect shoot biomass, while nutrient limitations significantly affected both above-and below-ground biomass. Our results, similarly to Williams (1971) , indicate that light has a relatively strong and early effect on E. repens biomass acquisition, allocation and morphological traits such as tillering, while the effect of reduced nutrient supply on E. repens biomass acquisition appears later and is most pronounced when light is not limited. Although single resource studies cannot be used for direct comparisons between limitations of different resources, this pattern is seemingly confirmed by studies on the effect of either nutrient supply (McIntyre, 1965; Turner, 1966) or light supply (Williams, 1970; Skuterud, 1984) on E. repens biomass allocation and acquisition. Moreover, Cussans (1968) found that crops that close their canopy early were particularly competitive against E. repens and therefore suggested that E. repens is particularly sensitive to light competition. This could mean that E. repens is generally light-dependent and perhaps more so than the rhizomatous species studied by Xie et al. (2016) . However, the nature of resources such as nutrients and light are fundamentally different (Craine and Dybzinski, 2013) , i.e. a 20 % reduction in light is not necessarily equal to a 20 % reduction in nutrient supply, and consequently comparisons between the effect size of different resource limitations are inherently problematic. For example, one reason for the slower effect of nutrient limitation may be due to the buffering effect of the initial nutrient supplies in the soil and rhizomes. Furthermore, as reducing the nutrient supply did shift the allocation pattern towards roots already in the first harvest even though total E. repens biomass was not yet affected, this indicates that even when E. repens has enough nutrients for early growth, nutrient limitations encourage E. repens to allocate more biomass to roots to guard against future deficiencies. As in previous studies, light limitations shifted the allocation towards shoot biomass, while limited nutrients shifted it towards roots and rhizomes. The increased allocation to rhizomes in a low resource environment is in accordance with the exploitation of nearby vegetation-free patches as described by Kleijn and Van Groenendael (1999) . As nutrients become scarce, prolongation of rhizomes is a way of making new resources available. That the planted rhizomes had more dry weight in the low nutrient treatments (similar to Turner, 1966) is probably due to a slower growth rate benefitting the carbohydrate stores (White, 1973) . As rhizomotous plants can chose between building new or using existing stores (Chapin et al., 1990) an alternative interpretation would be that it is more nutrient efficient to reinvest in old rhizomes than build new ones. However, as far as we are aware there has been no work conducted on the potential tradeoffs between re-storing energy in older rhizomes after they have produced shoots compared to building new rhizome structures.
Implications for companion crops as E. repens control
Previous studies investigating the effect of companion crops on E. repens biomass acquisition have generally compared different companion crop species, but using very different seeding rates for each species and comparing the absolute effects rather than the effect per gram of companion crop. These have found that at an excess of 100 g DM m À2 shoot biomass (Cussans, 1972; Bergkvist et al., 2010) most companion crops significantly lower E. repens rhizome biomass acquisition, while at lower levels the companion crop has no effect or simply reduced shoot biomass or even benefit E. repens (Brandsaeter et al., 2012; Melander et al., 2013; Ringselle et al., 2015) . In this experiment, the smallest (C1) and the largest (R3) treatments, in terms of shoot biomass in the second harvest, had the equivalent of 134 and 1051 g DM m
À2
, respectively. Consequently, at these biomass levels the results support previous studies by showing that there is a linear relationship between total companion crop biomass and E. repens total biomass, and furthermore that the companion crop mode of competition can greatly influence the slope of that relationship. This potentially affects not only the relationship between companion crop and weed, but also between companion crop and main crop. A companion crop with a very high biomass runs the risk of reducing the main crop yield (e.g. Italian ryegrass at 220 g DW m
, Cussans, 1972) . The results indicate that if the higher efficacy of light competition can be replicated in the field, companion crops such as red clover should be able to reduce E. repens at a lower biomass level, and therefore potentially have a lower crop yield loss potential than companion crops that primarily compete for nutrients. However, this depends on which competition mode most efficiently suppresses the main crop.
The changes to the allocation pattern by perennial ryegrass show that a reduction in E. repens shoot biomass due to competition does not necessarily cause an equal reduction in rhizome biomass. This was also observed in field experiments by Ringselle et al. (2015) , where perennial ryegrass and cloverryegrass mixtures reduced shoot biomass during the autumn while leaving rhizome biomass unaffected. This means sampling E. repens shoot biomass to assess rhizome biomass may be very inaccurate in competitive crops. Just like for many other perennial weeds, accurately describing E. repens populations is difficult and time-consuming (Turner and Cussans, 1981) . Therefore, studies often only assess the above-ground E. repens biomass, coverage percentage, shoot number or spike count (e.g. Moyer and Schaalje, 1993; Stenberg et al., 1999; Rasmussen et al., 2014) . In the case of spike count, this may be further compromised by the very strong reduction of spikes by light and nutrient limitations, a reduction that may not necessarily be strongly correlated with the reduction in rhizome production, as the cost for each type of propagation differs (Reekie, 1991) . In addition, if denial of nutrients as a mode of competition primarily reduces shoot biomass without necessarily reducing rhizome growth, it will only provide a higher suppression effect on E. repens if a companion species can take advantage of the reduced shoot biomass. It, for example, raises the question of whether it changes E. repens vulnerability to control measures which only target above-ground biomass, such as mowing. Does it make E. repens less vulnerable because less above-ground biomass gets cut, or more vulnerable since each unit of above-ground biomass is proportionally more important for photosynthesis?
CONCLUSIONS
Competition for multiple resources resulted in a far more complicated allocation pattern than artificially limiting these resources. Our results show that competition with perennial ryegrass can change E. repens allocation pattern from shoots to roots and rhizomes, but not whether red clover can change the allocation pattern in any direction. However, changing E. repens allocation pattern seemingly did not give ryegrass any competitive advantage. Rather, under the experimental conditions, red clover was a more efficient competitor against E. repens than perennial ryegrass, per gram of biomass. This is probably due to red clover's horizontal leaves, making it a more efficient competitor for light than E. repens and perennial ryegrass, and that the asymmetric nature of light competition gives red clover a disproportionally large advantage over E. repens. Additionally, the fact that ryegrass generally changed E. repens allocation towards below-ground biomass may have contributed towards it being particularly inferior to red clover in suppressing E. repens rhizome biomass. Thus, it seems clear that the companion crop mode of competition influences both the suppression rate of E. repens biomass acquisition and the likelihood of shifts in E. repens biomass allocation.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjour nals.org and consist of the following. Appendix A: temperature ( C) and humidity during day (0800-2400 h) and night (2400-0800 h) in the greenhouse from the sowing of E. repens and the companion crops to the end of the greenhouse experiment. Appendix B: companion crop dry matter (DM) per box and shoot mass fraction (SMF) at 42 d (harvest 1) and 72 d (harvest 2) after sowing.
